Microscale mechanical forces can determine important outcomes ranging from the site of material fracture to stem cell fate. However, local stresses in a vast majority of systems cannot be measured due to the limitations of current techniques. In this work, we present the design and implementation of the CdSe-CdS core-shell tetrapod nanocrystal, a local stress sensor with bright luminescence readout. We calibrate the tetrapod luminescence response to stress and use the luminescence signal to report the spatial distribution of local stresses in single polyester fibers under uniaxial strain. The bright stress-dependent emission of the tetrapod, its nanoscale size, and its colloidal nature provide a unique tool that may be incorporated into a variety of micromechanical systems including materials and biological samples to quantify local stresses with high spatial resolution.
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nanoscience | semiconductor nanocrystals | fluorescence | luminescent stress gauge L ocal microscale stresses play a crucial role in inhomogeneous mechanical processes from cell motility to material failure. Stress is a tensor representing force per unit area and is directly related to strain-a tensor that represents change in size and/or shape-via the stiffness constants of a material. Contact-probe techniques that measure stiffness such as atomic force microscopy (1, 2), indentation testing (3), and optical coherence elastography (4) , and noncontact techniques that measure stress such as micro-Raman spectroscopy (5), electron backscatter diffraction (6) , and polymeric post arrays (7) have been used to quantify local mechanical behavior with high spatial resolution. However, these techniques remain limited to studies in specific material systems due to spectroscopic and geometric constraints. For example, although the mechanical behavior of cells can be indicative of significant aspects of their biology, including metastatic potential (8) , the stresses exerted by cells in physiologic threedimensional culture systems cannot currently be quantified. A luminescent nanocrystal probe, with its small size, bright and narrow emission, and colloidal processability is ideally suited to measure local stresses in a variety of systems without spectroscopic requirements from or excessive perturbations to the material of interest.
We present here the design and implementation of a luminescent nanocrystal stress gauge, the CdSe-CdS core-shell tetrapod. The tetrapod, with a CdSe quantum dot at its core, has the same advantages as its widely used quantum dot predecessor, including tunable quantum confinement and high fluorescence quantum yields (9) . Four CdS arms protruding from the CdSe core confer a branched, three-dimensional structure on the tetrapod; these arms can act as dynamic levers to torque the CdSe core and alter its optical response. The tetrapod can be incorporated into many materials, yielding a local stress measurement through optical fluorescence spectroscopy of the electronically confined CdSe core states. In this report, we calibrate the stress response of the tetrapod, and use this calibration to study spatially resolved mechanical behavior in single polymer fibers. We expect that tetrapods can be used to probe local stresses in many other mechanical systems.
The tetrapod nanocrystal is a tetrahedrally symmetric particle consisting of a zinc-blende core with four epitaxially attached wurtzite arms (10) (Fig. 1A) . Atomic force microscopy studies on CdTe tetrapods demonstrated that nanonewton forces are capable of bending these lever arms (11) . Furthermore, electronic level structure calculations on CdSe tetrapods predicted that force-induced arm bending, which causes a strain in the nanocrystal, results in a red shift of the energy gap (12) . CdSe-CdS coreshell tetrapods, with a CdSe core and CdS arms, have high fluorescence quantum yields up to 60% due to quasi-type I band alignment of the heterostructure (13) (14) (15) , and therefore present an optimal design for optical readout of local stresses. Compression of CdSe-CdS tetrapods in a diamond anvil cell revealed differential photoluminescence behavior under hydrostatic and nonhydrostatic pressure environments (16) . These results suggested that the tetrapod might be useful as a gauge capable of sensing and optically reporting environmental stresses.
Results and Discussion
To develop the tetrapods as a luminescent stress gauge, we first calibrated the fluorescence response of tetrapods to nonhydrostatic stress in a simple uniaxial geometry and then used this response to report local stresses in synthetic polymer fibers. Tetrapods were incorporated into single polyester fibers with known stress-strain properties and the tetrapod fluorescence was monitored under increasing tensile strain. CdSe-CdS tetrapods (4.8 AE 1.2 nm arm diameter and 27.8 AE 3.5 nm arm length) in low concentrations are easily incorporated into the fiber without perturbing the mechanical properties by dropping a few microliters of dilute solution in toluene onto the fiber (see Methods). The toluene quickly evaporates, and red fluorescence (Fig. 1B) shifted from that of tetrapods in solution ( Fig. 2A ) is exhibited at all focal planes within the fiber, indicating that tetrapods are dispersed throughout. Diffusion of tetrapod fluorescence along the fiber following solvent evaporation was not observed, suggesting that tetrapods are relatively immobilized, along with their surface ligands. The chemistry of these surface ligands could be used to control tetrapod-matrix interactions; in this work, however, the tetrapods are simply dispersed in the matrix with no molecular scale anchoring. SEM images of a fiber cross-section confirm that tetrapods are embedded and well-distributed within (Fig. 1C) .
Single polyester fibers with embedded tetrapods were affixed at both ends and tetrapod fluorescence spectra were monitored at a fixed spot with increasing tensile strain (see Methods). A clear spectral red shift is evident as a result of increasing fiber extension ( Fig. 2A) . This shift is detectable with a spectral resolution of 0.01 nm in our system. The slight shoulder at higher energy in each trace (blue arrow), which matches the spectral peak of tetrapods in solution, is attributed to a fractional population of tetrapods on the surface of the fiber. Although the refractive indices of the fiber also change as the fiber is extended, this change is within AE0.02 and not large enough to induce the shifts we observe (17) . Similarly, the temperature change from tensile The authors declare no conflict of interest.
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loading contributes a maximum fluorescence band-gap shift of about AE0.02 nm (18) (19) (20) , a comparatively minor effect. The initial fluorescence wavelength maximum as well as the magnitude of the red shift varies both spatially along the fiber as well as among different fibers (Fig. 2B ), consistent with previous observations of mechanical variation in microstructure within and among single fibers (21, 22) . In fact, the branched nature of the tetrapod may enable it to sense and report relevant length scales of spatial and dynamic heterogeneity down to the dimension of a tetrapod arm diameter. The initial fluorescence spectrum is recovered upon fiber failure and matrix relaxation, suggesting that under these experimental conditions the tetrapod deformation remains elastic, as expected from previous observations of fluorescence reversibility (16) .
Applied stresses to the tetrapod from fiber strain directly affect the energy gap, and therefore we studied the change in peak photoluminescence energy as a function of the fiber extension (Fig. 2B ). The linear elastic regime and onset of plasticity are readily identified in the photoluminescence behavior. The average of individual fibers is expected to reflect bulk behavior. The average fluorescence slope versus true strain in the elastic regime was correlated with the known average Young's modulus of 8.3 AE 1.9 GPa (22) in order to calibrate the stress gauge. We determined a fluorescence shift of −5.8 AE 1.2 meV∕GPa (see Methods). This value compares reasonably to the theoretical prediction of −30.8 meV∕GPa for single material CdSe tetrapods (12) , especially considering that differences in the strain dependence should exist due to altered wavefunction localizations within the hetero-and single material structures (13) (14) (15) , and that different sizes of tetrapods were considered in the two studies. Additionally, the measured response to uniaxial stress is about one-fourth the magnitude of the photoluminescence blue-shift response to hydrostatic pressure (16) . The calibration error is due to uncertainty from the linear fit; measurement error due to the spectral resolution and peak-fitting uncertainty corresponds to a stress resolution of 0.003 GPa.
Conventional measurement of the true stress in a fiber requires accurate knowledge of the diameter change, which is difficult to measure in fibers of microscale diameter. The tetrapod stress gauge avoids this difficulty by responding directly to the local true stress. As a proof-of-principle demonstration, we applied the polyester-derived calibration to find the Young's moduli (E) of two high performance fibers of known E: Nomex® (10-μm diameter), a stiffer fiber than polyester, and nylon (120-μm diameter), a more compliant fiber. We found E ¼ 18.9 AE 3.0 GPa and 4.3 AE 1.3 GPa for Nomex® and nylon, respectively, within the range of accepted values for these materials (23, 24) (Fig. 2C) . The reported error values represent the error in calculated modulus due to the linear fit (see Methods). The calculated E for Nomex® is slightly higher than the accepted value, likely because we typically focused on a kink band in these thin fibers to easily mark the location for repeated measurements. Two limiting behaviors of sensitivity to the Young's modulus of the host medium exist. If the tetrapod probe is stiffer than the host medium and will not be easily deformed, then stress is transferred to the probe. If the tetrapod probe is less stiff than the host medium, it will move with the medium, thus adopting the strain of the material. As a result, the upper limit that the tetrapod can detect is the modulus of the tetrapod itself. Tetrapod luminescence in tensile experiments on single Spectra® fibers, E ¼ 103 GPa, suggests a Young's modulus of 50 GPa, which is roughly the Young's modulus of bulk CdSe; this result suggests that the sensitivity of the tetrapod stress gauge is limited to materials with moduli less than 50 GPa. Although nanoparticles at higher concentrations can change the mechanical properties of a polymer matrix (25) , the dilute amounts of tetrapods incorporated here did not significantly affect the mechanical behavior of these fibers as evidenced by an unchanged true strain to failure and unaffected site of failure (see Methods).
The luminescent tetrapod stress gauge enables the imaging of local stresses within a complex medium. The ability to study local mechanical behavior is critical to an understanding of a material's response to external perturbations; for example, polymer fibers do not respond homogeneously under tensile strain, and a local instability may ultimately become the site of fiber failure. Ediger and coworkers (26) studied the local mobilities associated with plastic flow within a polymer glass below the glass transition temperature. Upon perturbation with a fixed stress above a low-stress threshold, they observed not only an increase in the polymer mobility, as predicted by the Eyring model, but also a subsequent increase in the homogeneity of local mobility rates. Further polymer creep and recovery, leading to a decrease in the polymer mobility, resulted in a respreading of the mobility rate distribution. They suggested that local stresses would mirror this behavior, with greater stresses in slower regions enabling higher mobility (26) . We used the tetrapods to spatially resolve the local stress profile of a semicrystalline polyester fiber under increasing tensile strain (Fig. 3 ). Tetrapods were incorporated along an 8-mm stretch of polyester fiber, and fluorescence spectra were collected at adjacent spots 400 μm in length, of similar spot size to that studied by Ediger and coworkers (26) , as the fiber was extended up to 22.5% (Fig. 3A, see Methods) . The ensemble red shift with increasing tensile strain is clearly seen in the data. In addition, we observe a stress distribution narrowing in the elastic regime, followed by a distribution widening (Fig. 3B) . This result indicates that the stress first becomes more homogeneous with strain and then increases in heterogeneity, correlating well with the previous observations of local mobility.
The CdSe-CdS tetrapods studied here present an optimal size and shape for sensing stress. Tensile stretching experiments on single polyester fibers embedded with tetrapods of similar diameter but longer (42.8 AE 2.8) or shorter (15.1 AE 1.7) arm lengths both exhibit reduced stress sensitivity (Fig. 4A) . We hypothesize that, although a longer tetrapod arm may increase the amount of torque on the CdSe core and thus the stress sensitivity, an arm that is too long should additionally buckle, reducing the stress sensitivity. The effects of torque sensitivity and buckling will be maximized and minimized, respectively, in an optimal tetrapod arm aspect ratio for stress sensing. In addition, the tetrapod morphology is unique to sensing anisotropic stresses. Similar polyester fiber tensile experiments using CdSe-CdS quantum dots and rods demonstrate that these nanoscale geometries cannot specifically detect anisotropic stresses (Fig. 4B ). Quantum dots (7.0 AE 1.1-nm diameter) exhibited a blue shift with increasing fiber strain, similar to their behavior under hydrostatic pressure (16) . Quantum rods, which from different viewing axes appear similar to either the dots or the tetrapods, exhibited either a slight red or blue shift with increasing tensile strain, suggesting that local rod orientation relative to the fiber affects the response to strain. No average net shift was observed for these particles.
Due to its nanoscale size, three-dimensional branched geometry, bright luminescence signature, and colloidal processability, the tetrapod nanocrystal possesses the ability to report both spatially and dynamically resolved stresses in many mechanical systems. The high quantum yield of the tetrapod enables luminescence measurements down to the single particle scale (27) . Utilizing dark-field or superresolution microscopies, the stress profile within a material may ultimately be mapped with spatial resolu- Fig. 3 . Local stresses in a single polyester fiber. (A) A spatially resolved profile of the stresses along a fiber with increasing tensile strain. Fluorescence along the same section of fiber is monitored throughout; however, this length increases as the fiber is extended and thus fluorescence spectra are collected at a greater number of 400-μm spots. Twenty data points are collected at 0% extension up to 26 data points at 22.5% extension. (B) Area-normalized histograms of the tetrapod emission maximum along the fiber at increasing fiber extension using data from the stress profile in A, with 0.1-nm bin size. The stress distribution narrows with fiber extension and then widens, indicating that the stresses initially become more homogeneous upon tensile strain and become increasingly heterogeneous after plastic onset. tion of a single tetrapod. Tetrapods may also be biofunctionalized for studies including local stress measurements within biological fibers and three-dimensional cell culture, a method complementary to the use of collagen contrast (28) , bead fluorescence (29) , and gold nanorod scattering (30, 31) for measurement of local mechanical strains in a matrix. In both the mechanobiology and single tetrapod studies, the stress symmetry and its orientation relative to the tetrapods may be more complex than simple uniaxial or hydrostatic deformations on a tetrapod ensemble, and a deeper understanding of the optoelectronic response to other stress states is essential. Current efforts toward these goals are underway. Future synthetic work will allow creation of tetrapods of different sizes sensitive to stresses of a variety of magnitudes, and tetrapods of different compositions with alternate optical band gaps and particle stiffness, expanding the range of material systems and processes that may be probed.
Methods
Synthesis of CdSe-CdS Dots, Rods, and Tetrapods. CdSe-CdS dots were synthesized following Li, et al. (32) , and CdSe-CdS rods and tetrapods were synthesized following Talapin, et al. (14) .
Polymer Fibers. Transparent polyester thread (Coats and Clark, 90-μm diameter), transparent nylon thread (Sew-Gude, 120-μm diameter), single fibers removed from spun Nomex® (The Thread Exchange, 10-μm diameter), and Spectra® thread (Gudebrod GX2, 130 denier, 20-μm diameter) were used for these experiments.
Incorporation of Tetrapods into Single Polymer Fibers. CdSe-CdS nanocrystals (1-5 μL, 9.1 × 10 −10 M in toluene) were pipetted onto a 3-mm (single spot studies) or 1-cm (stress profile studies) length of fiber, with a total of about 10 −15 mol nanocrystals added to the fiber spot. The toluene quickly evaporates, resulting in single polymer fibers with nanocrystals embedded within ( Fig. 1 B and C) . In most experiments, a kink band or a transverse band inherent to the fiber, or a black permanent mark on the fiber, was used as a reference mark to ensure that fluorescence spectra were collected at the same spot with subsequent fiber extension.
Tensile Fluorescence Experiments. Each end of a single polymer fiber was secured by winding under a washer and screw to a platform on a micrometer stage, with about 2-cm initial distance between the screws. One platform was fixed in position, whereas the other could be controlled using the micrometer stage screw. The distance between the two screws was calibrated with the micrometer screw reading using digital calipers. A micrometer stage controller was used to extend the fiber.
The nanocrystal fluorescence was excited with a 488-nm Ar þ laser (Lexel Laser, Inc., 95) with 2-mW power and 400-μm spot size at the sample. Brightfield and fluorescence images were taken with a digital microscope camera (Paxcam 2+). The fluorescence spectra were monitored using a home-built inverted fluorescence microscope with a spectrometer (Acton Research Corporation, SpectraPro-3001) and CCD detector (Princeton Instruments, Model 7509-0001). Exposure times of about 0.1 s were used to collect spectra.
For stress profile experiments, fluorescence was monitored similarly, with a reference mark on the polyester fiber used as the initial point for fluorescence measurement. Tetrapods were embedded over an 8-mm length of single polyester fiber. A fluorescence spectrum was taken at 20 adjacent spots of 400-μm spot size at 0% fiber extension. Subsequent spectra were taken at 2.5%, 5%, 7.5%, 10%, 12.5%, 15%, 17.5%, 20%, and 22.5% extension, with an increasing number of spots up to 26 adjacent spots taken at 22.5% extension due to increased fiber length. The length of fiber exhibiting tetrapod fluorescence increased as the fiber was extended and spectra were collected over this entirety, with the first spectrum always taken at the reference position (Fig. 3A) .
Stress Gauge Calibration and Young's Modulus Measurements. The tetrapod fluorescence emission maximum in polyester fiber was averaged from 17 individual experiments and plotted versus the true strain (ϵ t ¼ ln½1 þ ðl − LÞ∕L, where L is the original length of the fiber and l is the final length of the fiber). The slope in the elastic region was determined using a linear least-squares fit on the first five mean data points, representing data from ϵ t ¼ 0 to 0.022 (0% to 2.2% fiber extension), with r 2 ¼ 0.99. The error reported represents the 95% confidence interval for the fit in slope. The tetrapod fluorescence red shift as a function of stress was then calculated using the reported average Young's modulus of 8.3 GPa for this polyester fiber (22) .
To calculate the Young's modulus in single Nomex® and nylon fibers using the polyester-derived calibration, we determined the slope of the average emission maximum versus strain for these fibers as described for polyester above. Four Nomex® experiments and five nylon experiments were used to obtain the average values. The slope in the elastic region for Nomex® was determined using the first 12 data points, representing data from ϵ t ¼ 0 to 0.017 (0% to 1.7% fiber extension), with r 2 ¼ 0.95. The slope in the elastic region for nylon was determined using the first 10 data points, representing data from ϵ t ¼ 0 to 0.049 (0% to 4.9% fiber extension), with r 2 ¼ 0.88. The error in measured Young's modulus for both Nomex® and nylon represents the 95% confidence interval for the fit in slope. For all three fibers, a maximum r 2 and subsequent difference in slope were used to determine the elastic limit. The data points used to calculate Young's modulus are within the range of extensions considered in typical mechanical Young's modulus measurements for the respective material fibers. The results with and without tetrapods are within error. The difference in percent extensions to failure and large standard deviations for Nomex® may be due to the thin diameter of Nomex, which makes fiber manipulation difficult. The location of fiber failure for all three fibers was unaffected by the addition of tetrapods.
